Agrin is a multifunctional heparan sulfate proteoglycan originally discovered in the neuromuscular junctions and later observed in numerous other localizations. The presence of agrin in the liver, either healthy or diseased, has formerly not been reported. We detected agrin in minor amounts in the basement membranes of blood vessels and bile ducts in the healthy liver. The proliferation of bile ductules and the formation of new septal blood vessels in liver cirrhosis, as well as neoangiogenesis in the hepatocellular carcinoma (HCC) result in a dramatic increase in the quantity of agrin. Vascular and peribiliary basement membranes were strongly immunopositive for agrin in 29/29 human liver specimens with cirrhosis and HCC. However, sinusoidal walls of regenerative nodules in the cirrhotic liver consistently remained negative. Given the selectivity of agrin for tumor microvessels, agrin immunohistochemistry may prove helpful in recognizing malignant transformation in cirrhotic livers. Similar immunohistochemical observations were made on the liver of rats exposed to a combined cirrhosis/HCC induction treatment. In both human and rats, agrin probably originates from activated myofibroblasts, vascular smooth muscle cells and biliary epithelial cells. Increased agrin expression in human specimens, in the liver of 4/4 treated rats, as well as in isolated rat liver mesenchymal cells was verified by quantitative RT-PCR. Considering that agrin binds various growth factors, and it directly interacts with cell membrane receptors such as a v -integrins, we hypothesize a stimulatory role for agrin in neoangiogenic processes such as tumor vascularization, and a supportive role in bile ductule proliferation.
In chronic liver diseases, several proteoglycans (PGs) have been described to accumulate in the matrix of the expanding scar tissue, in the basement membranes of proliferated bile ducts and capillarized sinusoids, as well as in the walls of newly formed blood vessels. Elevated amounts of decorin and perlecan have been observed in the extracellular matrix of acutely and chronically damaged rat liver. 1, 2 Similarly, decorin is an early marker of fibrogenesis in human livers with chronic hepatitis. 3 Decorin and biglycan, both normally limited to the space of Disse, peribiliary matrix and vessel walls, are extensively deposited in fibrotic areas, while PG-100, the PG form of colony-stimulating factor 1 appears in a novel biliary localization. 4 The tumor-specific matrix of hepatocellular carcinoma (HCC), mainly secreted by stromal myofibroblast-like cells, microvascular endothelial cells and by the tumor cells themselves, is characterized by a PG milieu that greatly differs from that of both the normal and the injured but nontumorous liver tissue. The matrix PGs perlecan and decorin have been found not only in the fibrotic liver, but in tumors, too. 5, 6 Perlecan promotes tumor growth and angiogenesis; 7, 8 decorin, in contrast, has antitumor effects: stromal decorin expression is a part of the host defense reaction against the tumor. 9 Thus, altered PG composition of the extracellular matrix is characteristic of chronic liver diseases, and PGs are key players in a multitude of pathological processes.
In the present study, we report a marked increase in the quantity of agrin, a multidomain heparan sulfate proteoglycan (HSPG), in the diseased liver. Most of our current knowledge on the structure and functions of agrin was summarized in 2003 by Gabriela Bezakova and Markus Ruegg 10 , pioneers of agrin research. With relevance to our subject, the long N-terminal splice isoform of agrin is secreted into basement membranes, where, by binding to laminins with its N-terminal end and simultaneously to cell surface receptors such as b-dystroglycan or integrins [10] [11] [12] [13] [14] with its C-terminus, it mechanically anchors the cortical actin network of the adjacent cell to the laminin network of the basement membrane. Furthermore, agrin is able to activate specific intracellular signaling pathways, in part directly (via kinase receptors like musclespecific kinase), in part indirectly (eg via integrins). 10, 11 Agrin, either secreted or membrane-bound, is known to play multiple roles in both neural and non-neural tissues. At neuromuscular junctions 15 and in the brain, 16 it is indispensable for synaptic organization; agrin is also a key factor in axonal growth, and in the formation and maintenance of the blood-brain barrier. 17, 18 Agrin is also needed for the aggregation of lipid rafts in the membrane of T cells, hence, for 'immunological synapse' forming. 19 In the renal cortex, agrin is critical for podocyte attachment to the glomerular basement membrane. 11, 20 A possible role for agrin in the liver has previously not been proposed, probably because it was believed to be absent from this organ. 12 After the identification of agrin in PG extracts from cirrhotic livers and HCCs, we first intended to describe its distribution in the tissue and its putative cellular sources, as well as to identify some of its actual or potential molecular interactions. For these purposes, we performed immunohistochemical and immunofluorescence studies on human tissue specimens and on cultured human and rat cells. Secondly, myofibroblasts and hepatic stellate cells (HSC) from rat liver were examined as candidates for agrin production, modeling activated mesenchymal cells that play a prominent role in fibrogenesis 21 and tumoral stromal reaction. 22 Moreover, agrin expression on the mRNA and protein level was also determined in a rat cirrhosis/hepatocarcinogenesis model to investigate whether a rodent system may be suitable for future functional research on the role of agrin in liver diseases.
Materials and methods

Patient Materials
For the purposes of immunohistochemistry and PG isolation, 29 surgical specimens from patients undergone partial hepatectomy for HCC and four healthy livers were obtained from surgical, transplantation and forensic departments of the Semmelweis University, Budapest, Hungary, and the Department of Cytopathology, Deutsches Krebsforschungszentrum, Heidelberg, Germany. HCC was associated with cirrhosis in all patients. Regarding the etiologies of liver disease, alcohol abuse was reported in seven cases, while hepatitis B-virus infection was diagnosed in 12 cases, hepatitis C-virus infection in seven cases, and hepatitis B/C co-infection in one case; in two patients, the disease was cryptogenic. Other fresh surgical specimens at the Department of Gastroenterology and Endocrinology, University Clinic, Gö ttingen, Germany were snap-frozen and later used for RT-PCR. All experiments involving material of human origin were performed with the permission of the regional ethical committee and with the written consent of the patients whose tissues were submitted to special studies after establishing the diagnosis.
Animal Experimentation
Wistar rats were provided by Charles River (Sulzfeld, Germany). Livers from untreated animals were used for the isolation of rat liver myofibroblasts (rMFs) and HSCs (see Cell Culture). Four male rats were subjected to DPC (diethyl-nitrosamine/phenobarbital/carbon tetrachloride) treatment. This simultaneous cirrhosis/HCC induction protocol involves a single administration of diethyl-nitrosamine in a necrogenic dose, followed by a 6-week combined treatment with phenobarbital and carbon tetrachloride, as described by Zalatnai and Lapis. 23 All animals when killed at week 16 had histologically proven cirrhosis and multifocal HCC. Animals received humane care in compliance with the institution's guidelines and National Institutes of Health guidelines.
Cell Culture rMF and HSC were isolated and the purity of the preparations was assessed as described elsewhere. 21, 24, 25 Human dermal microvasculature endothelial cells (HMVEC-d) were purchased from Cambrex (Walkersville, MD, USA), and cultured in the supplemented medium recommended by the company. rMF at passage 4 (mRNA quantitation) and 13-14 (immunofluorescence, supernatant conditioning), HSC at day 7 after isolation, and HMVECd at passage 5 were used in the experiments.
PG Isolation
PGs were isolated from three human liver samples (nontumorous cirrhotic tissue, HCC and normal liver tissue), and from bovine kidney cortex, according to the slightly modified method of Lyon and Gallagher. 26 Briefly, proteins from tissue homogenates were extracted with 4 mol/l guanidine hydrochloride. Subsequently, all proteins except polyanionic PGs were precipitated by adding trichloroacetic acid up to 10%w/v. After centrifugation, the supernatant was pH-neutralized and dialyzed with several changes against a concentrated (7 mol/l), buffered urea solution containing protease inhibitors. (In the case of bovine kidney cortex, trichloroacetic acid precipitation was omitted.) Dialyzed samples were applied to DEAE-52 Servacel (Serva, Heidelberg, Germany) columns, which were then washed with a two-step salt gradient (0.1 mol/l, 0.2 mol/l sodium chloride) in urea buffer. PGs were eluted with urea buffer containing 0.8 mol/l sodium chloride, and precipitated with cold ethanol before use. Alternatively, for magnetic bead isolation, PGs were directly dialyzed into PBS containing protease inhibitors.
Antibodies
Three anti-agrin antibodies, one monoclonal and two polyclonals, were used in various applications. The monoclonal antibody clone 7E12, now available as MAB 458 (Chemicon International Inc., Temecula, CA, USA), was raised against an HSPG isolated from bovine renal glomerular basement membrane by Kemeny et al. 27 The specificity of this antibody for agrin was verified by our group as follows. MAB 458 was covalently crosslinked to anti-mouse IgGcoated Dynabeads (Invitrogen, Carlsbad, CA, USA) and the beads were incubated with PGs isolated from bovine kidney cortex. Subsequently, the beads were heat-denatured in sample buffer, and the supernatant was run on a 5-15% gradient PA gel. A single high molecular weight, Alcian blue-stained smear was excised and sent for mass spectrometry analysis. Similar to agrin predicted protein of Bos taurus, showing a high degree of homology with human agrin, was identified in the sample on the basis of three peptides (IFFVNPAPPYLWPAHK, FGALCEAETGR, CEPGFWNFR).
Anti-agrin (R-20) goat polyclonal antibody from Santa Cruz Biotechnology (Santa Cruz, CA, USA) was raised against an epitope of rat agrin mapping near the C-terminus. Anti-agrin goat PAb from R&D Systems (Abingdon, UK) was raised against rat recombinant agrin produced in insect cell culture. In our experiments, the latter antibody also reacted with human tissues. All antibodies, their applications and the corresponding dilutions or concentrations are listed in Table 1 .
Western Blot
For liver PG Western blotting, PGs were isolated as described, and aliquots corresponding to 100 mg of wet tissue were applied to a 5-15% gradient sodium dodecyl sulfate polyacrylamide gel. Proteins from rMF and HSC conditioned media were precipitated with cold ethanol, and aliquots containing 15 mg of protein were applied per lane. Gels were blotted on PVDF membrane (Millipore, Bedford, MA, USA) overnight at 75 mA, 41C in a wet blotter (Bio-Rad, Hercules, CA, USA). Incubations with primary antibodies plus 3%w/v bovine serum albumin (BSA), with biotinylated secondary antibodies (DakoCytomation, Glostrup, Denmark) plus 3%w/v BSA, and with peroxidase conjugated Agrin in liver basement membranes P Tátrai et al streptavidin-biotin complex (StreptABComplex/ HRP, DakoCytomation) were followed by chemiluminescent (SuperSignal West Pico, Pierce, Rockford, IL, USA) or chromogenic (3, 3 0 -diaminobenzidine, Aldrich, Milwaukee, WI, USA) development.
Immunohistochemistry and Immunofluorescence
Immunoreactions were performed on tissue sections of snap-frozen human and rat livers, on sections of formalin-fixed, paraffin-embedded human liver surgical specimens prepared for histology, and on cultured cells. Frozen tissue sections and cells grown on glass coverslips were fixed in À201C methanol and À201C acetone. Paraffin sections were subjected to microwave antigen retrieval and enzymatic digestion with 0.01 mmol/l trypsin (Sigma, Steinheim, Germany). On frozen sections and cultured cells, nonspecific protein binding was blocked with 5%w/v BSA þ 5%w/v nonspecific serum, and samples were incubated with the primary antibodies overnight at 41C. Immunoreactions were visualized either using secondary Alexa Fluor s antibodies (Molecular Probes, Eugene, OR, USA), followed by counterstaining with 4 0 ,6-diamidino-2-phenylindole (Boehringer Mannheim, Mannheim, Germany), or using biotinylated secondary antibodies, ABC amplification and DAB Peroxidase Substrate Kit (Vector Laboratories, Burlingame, CA, USA), followed by hematoxylin counterstaining. For immunoperoxidase detection on liver histological sections, endogenous peroxidase was quenched first with 3%v/v H 2 O 2 (15 min, 251C). Blocking and incubation with the primary antibody were performed as above. Following incubation with the appropriate biotinylated secondary antibodies (DakoCytomation), signal was amplified in three subsequent steps: (1) StreptABComplex/HRP (DakoCytomation); (2) biotinylated tyramide, diluted in 0.033%v/v H 2 O 2 ; (3) repeated ABC. As a chromogenic substrate, DAB (Aldrich) was used. 
Results
The Accumulation of Agrin in the Diseased Liver
Liver samples from four healthy human subjects and 29 patients with cirrhosis and HCC, as well as from two control and four DPC-treated rats were subjected to agrin immunohistochemistry. Agrin was detected in the normal human and rat liver, but only in small quantities in the basement membranes of portal structures, and never in the wall of the sinusoids (Figure 1a and c) . Markedly elevated amounts of agrin were found in the cirrhotic liver tissue and in the HCC in both species (Figure 1b and  d) . This result was verified by immunoblotting using human liver PG extracts (Figure 2a) , and by quantitative real-time RT-PCR experiments. In human pathological samples, agrin expression was Quantitative RT-PCR on total RNA isolated from human liver surgical specimens. Samples removed from noncirrhotic livers with tumors, when distant from the tumor, and normal in histological appearance, were also regarded as normal. Agrin expression is significantly higher in both HCC and cirrhosis when compared to normal liver tissue (* and **: Student's t-test, Po0.001 both), whereas the difference between cirrhotic tissue and HCC is not significant. Human ribosomal RNA was used as endogenous control. For the sake of convenience, expression values are given as 10 6 Â2 ÀDCt where DC t means C t (agrin)-C t (rRNA). (c) Quantitative RT-PCR on total RNA isolated from the livers of one control and four DPC-treated rats. DPC1a and 1b, as well as DPC2a and 2b are parallel specimens taken from the same liver in order to assess intraorgan sampling error. Expression levels are compared to the normal sample, and calibrated by the household gene ubiquitin C. Treated livers exhibit a 1.8-to 4.0-fold increase in the expression of agrin.
Agrin in liver basement membranes P Tátrai et al found to be significantly elevated in both cirrhosis and HCC when compared to the normal liver tissue (Student's t-test, Po0.001 both), whereas the difference between cirrhosis and HCC was not significant (Figure 2b ). Increased expression of agrin, relative to the untreated control, was measured in the livers of DPC-treated rats as well (Figure 2c) .
In both human and rats, agrin was seen in the basement membranes of bile ducts and blood vessel walls. The walls of lymphatic vessels showed no agrin immunoreaction. Vascular and biliary localizations were further verified by double immunofluorescent technique (Figure 3 ). In the HCC, agrin was deposited in basement membranes of the tumor microvasculature. On the other hand, agrin was absent from the wall of the sinusoids of the regenerative nodules, similarly to normal sinusoidal walls. Consequently, agrin can be considered as a marker of tumor angiogenesis. Indeed, agrin immunoreaction was found to be highly selective to tumorous areas (Figure 4a ). As this was a consistent observation, we propose that agrin immunohistochemistry might facilitate differentiation between regenerative and malignant nodules. In this regard, agrin may even be a better marker of malignant transformation than perlecan, because the latter could be occasionally observed in benign regenerative parenchymal nodules as well (Figure 4b and c) .
Putative Molecular Partners of Agrin in the Liver
Like in other organs, agrin in liver basement membranes is likely to be immobilized by binding to laminin (Figure 5a) . Agrin, in turn, may immobilize and present growth factors: the heparan sulfate ligand basic fibroblast growth factor was seen to be concentrated in all agrin-positive basement membranes (Figure 5b) . However, the relative importance of agrin compared with other basement membraneHSPGs in growth factor binding still needs to be determined.
Not only the growth factors bound to it, but agrin itself can also serve as a ligand for cell surface receptors expressed by cells that attach to agrin-containing basement membranes. a v -Integrins, Agrin in liver basement membranes P Tátrai et al previously proven to interact with agrin, 13, 14 were found to be expressed by both endothelial cells and biliary epithelial cells (Figure 5c and d) . The latter cell type exhibits a v -integrin immunopositivity on the whole length of its basolateral surface (Figure  5d ), which suggests a role for a v -integrin independent from the attachment to the basement membrane. Also, a v -integrin is expressed by cancer cells surrounded by a matrix that apparently lacks agrin (Figure 5c ). Nevertheless, agrin and a v -integrins are likely to interact on the basement membrane-cell interfaces in bile ducts and blood vessels.
Candidate Cellular Sources of Agrin in the Diseased Liver
In the walls of arteries and veins, the thickness of agrin immunoreaction, by simple visual estimation, correlates with the thickness of the musculature (eg see Figure 1b) , and vascular smooth muscle cells perfectly overlap with agrin deposition (Figure 6a  and b) . Therefore, vascular smooth muscle cells are thought to secrete agrin into their enveloping basement membranes, and perhaps also into the endothelial basement membrane. On the other hand, bile ductules are not closely surrounded by smooth muscle a-actin (SMA)-positive cells; still, basement membranes underlying biliary epithelia always showed a strong agrin immunostaining. Thus, biliary epithelial cells are additional independent candidates for agrin production.
Agrin in tumor microvessel basement membranes may originate from SMA-positive stromal myofibroblasts, from endothelial cells, or both (Figure 6c and  d) . By immunocytochemistry, rMFs seem to secrete agrin much more vigorously than microvascular endothelial cells do; however, the role of endothelial cells in agrin deposition cannot be excluded ( Figure  7a and b) . Isolated rMFs and HSCs were also tested for agrin expression by RT-PCR. Both cell types proved to synthesize agrin mRNA at high levels ( Figure 8a) . Moreover, agrin could be detected by immunoblotting in the supernatants of both rMF and HSC cultures (Figure 8b ). 
Discussion
In the present study, agrin is described for the first time as a basement membrane component of blood vessel walls and bile ducts in the liver. We found, although in minor quantities, agrin in the healthy liver as well. Normally, agrin-containing structures are restricted to the relatively small portal areas. In cirrhosis, however, fibrogenesis is usually accompanied by ductular reaction and vascularization of the extending septa. The proliferation of bile ductules and blood vessels, both having basement membranes rich in agrin, leads to the accumulation of this PG initially present only in marginal amounts in the liver.
Agrin was found to be a point of difference between the basement membranes of HCC microvasculature and the sinusoidal walls in the regenerative nodules. Agrin appears in the basement membrane of tumor microvasculature, while sinusoidal walls, as a rule, lack this PG. Perlecan, a cognate basement membrane-HSPG exhibits no such a strict selectivity. The expression of agrin in the HCC microvasculature may be induced by tumor-specific, tumor cell-derived mediators: the tumor-induced stromal expression of HSPGs is a well-known phenomenon. Syndecan-1 appears in the stroma of several carcinoma types, [28] [29] [30] [31] [32] and syndecan-3 was identified in HCC stromal vessels. 33 These HSPGs, along with perlecan, are believed to be involved in tumoral angiogenesis and in stromal cell proliferation.
Agrin in the liver seems to be of heterogeneous origin. Agrin in the wall of blood vessels and probably in the basement membrane of tumor microvasculature is produced by SMA-positive cells, which are vascular smooth muscle cells in macroscopic arteries and veins and myofibroblastlike cells acting as pericytes in microvessels. Agrin expression at the mRNA level has been detected in smooth muscle cells, 34 and in our experiments, myofibroblasts and HSCs isolated from rat liver were also found to synthesize agrin. As a potential source of agrin in the endothelial basement membrane, endothelial cells should also be taken into account, despite the weak in vitro agrin positivity of human dermal microvascular endothelial cells. Smaller bile ducts, unlike blood vessels, are not surrounded by SMA-positive cells. Bile duct basement membranes, however, always contain agrin, which here is presumably produced by the biliary epithelium in an autonomous manner.
Whether in vascular or bile duct basement membranes, agrin in the liver was consistently found in close spatial proximity with a v -integrins. An important role in angiogenesis is attributed to this species, 35, 36 while its contribution to normal bile duct development and pathologic ductular reaction has not been described. It is also indicative for a possible proangiogenic effect of agrin that, beside perlecan, agrin is also able to bind various growth factors and present them to their receptors; basic fibroblast growth factor, a potent stimulator of angiogenesis was found in agrin-containing basement membranes.
Taken together, these findings suggest that agrin might play a role in vascular and ductular proliferation characteristic of cirrhosis, and may promote tumor progression by supporting stromal cell growth and neoangiogenesis in the HCC. Remarkably, agrin is selective to the tumor microvessel walls when compared to the sinusoidal walls of cirrhotic regenerative nodules; thus, agrin immunohistochemistry may facilitate detection of malignant nodules. Finally, since the accumulation of agrin can be accurately and reliably reproduced in a rodent model of liver cirrhosis and HCC, the way is paved for testing the above hypotheses in vivo in the future.
